Homologous recombination is a conserved process of genetic exchange generated by homologous pairing of nucleotides. Species diversity and gene evolution are dependent on the outcomes of recombination during germ cell development, yet systems to study mammalian germline recombination, especially those with applications to human genetics, are not well developed. We report on a transgenic mouse system designed to study recombination within test sequences in the male germline utilizing an intron-interrupted lacZ reporter gene. β-galactosidase positive sperm are detected and quantitated by flow cytometry using fluorogenic substrates.
INTRODUCTION
Genetic exchange during germ cell development in mammals determines the extent of species diversity through gene evolution, and in individuals determines heritable traits that have direct implications on health and disease. Recombination rates differ along the lengths of chromosomes and even at identical chromosomal regions between males and females. Overall, females exhibit a higher rate of recombination than males, although some chromosomal regions recombine more frequently in males than in females (1) . Homologous recombination during meiosis plays a critical part in ensuring proper chromosome segregation through homolog pairing. The requirement for meiotic recombination for proper chromosome segregation is evidenced by the obligatory exchange that occurs in the short pseudoautosomal region in the X-Y chromosome pair (2) .
Outcomes of homologous recombination include both reciprocal (crossing-over) and non-reciprocal (gene conversion) exchanges, processes that have been studied extensively in yeast (3) (4) (5) . The ability to score each meiotic product and the availability of recombination deficient yeast mutants have made advances possible (6) . Recombination between alleles is at its highest during meiosis, when homologous chromosomes are paired at the first meiotic prophase. Although mitotic recombination is much lower than meiotic recombination, it plays a key part in the repair of damaged DNA (7) .
The molecular mechanisms of both spontaneous and induced rearrangements have important implications for human genetic disease. The consequence of inappropriate intrachromosomal recombination has been recently highlighted by the inversions on the long arm of the human X chromosome at the factor VIII gene, leading to severe hemophilia, and at the IDS gene resulting in Hunter's syndrome. These inversions are thought to arise by intrachromosomal recombination in male germ cells (8) (9) (10) .
In cultured mammalian cells, intrachromosomal gene conversion and crossing-over, as well as gene targeting between a chromosome and exogenous homologous sequences, have been detected in studies utilizing selectable markers (11) . The reliance on cultured cells to investigate recombination is clearly not ideal, especially when considering germline events. However, there is no currently available culture system to study germline events in vitro, although advances have recently been made in the culture of male germ cells (12) . Thus, most studies of mammalian recombination processes have been limited to classical genetic approaches. More recently, gene conversion within lacZ transgenes has been documented in mouse spermatids (13) .
The non-random nature of meiotic recombination has fueled the study of this process to determine the molecular mechanisms *To whom correspondence should be addressed that influence the events. Specific sequences, chromosomal location, chromatin structure, upstream and downstream effectors and levels of transcription have been shown to affect recombination in yeast (14) (15) (16) . Regions with both suppressed and enhanced recombination have been identified at loci in yeast, Drosophila and mice (14, (17) (18) (19) . Well defined 'hot spots' include regions in the mouse H-2 complex, where sex-specific and haplotype-specific differences exist (20, 21) . Analysis of Huntington's disease (HD) pedigrees and elucidation of the location of the HD gene on human chromosome 4 suggest a human meiotic recombination hot spot (22) . Further analysis by individual sperm typing confirmed an elevated recombination frequency in this region spanning 280 kb (23) .
Several hotspots of recombination are contained in physically small distances which make them amenable for study. Examples include the extremely restricted region (ERR) in intron 2 of the RARA gene and a 1.2 kb fragment in intron 6 of the MLL gene in humans (24, 25) and the E β and Aβ 3 /Aβ 2 hotspots in mice (20, 26) . Recombinogenic sequences have been inferred in evolutionarily conserved multigene families including globin, haptoglobin and glycophorin gene variants (27) (28) (29) (30) . DNA sequence analysis reveals limited homology to recombination hotspots in prokaryotes and also predicts unstable DNA conformations such as tetrameric repeats, inversions and telomeric sequence repeats (26, (31) (32) (33) (34) . Functional testing of these sequences is lacking and their significance remains speculative.
The human glycophorin locus has been particularly fruitful for the identification of recombinants, as the locus encodes blood group antigens that are easily screened (29) . The glycophorin genes are closely linked on chromosome 4 and are highly conserved from the leader sequence through exon 5, making it likely that they arose from gene duplication (35) . Several variants have been identified that result from homologous recombination between the glycophorin A gene (GPA) and the glycophorin B gene (GPB) (36) . The recombination breakpoints cluster in a conserved region of the genes involving intron 2 through intron 3.
We report a unique model system designed to detect germline recombination in the mouse at the human glycophorin breakpoint cluster region. A direct repeat of glycophorin sequences is introduced within an intron in a lacZ reporter gene, disrupting its expression in the male germline. Crossing-over within the glycophorin repeat restores lacZ expression, giving rise to β-galactosidase positive sperm which are detected by flow cytometry using fluorogenic substrates. Fluorescent sperm are detected as approximately 0.04-0.09% of the total sperm population. PCR analysis of a sorted sperm population and examination of spliced testes mRNA provides support at the molecular level for crossing-over.
RESULTS

Prototype recombination substrate to detect intrachromosomal crossing-over
The Escherichia coli lacZ gene has been used extensively as a reporter gene in mammalian tissue culture and in mice. We wanted to investigate crossing-over within sequences that were implicated in higher frequencies of mammalian recombination, yet utilize the versatility of the lacZ reporter gene to detect and analyze these events. In order to accomplish this, we introduced an intron with Figure 1 . (a) A lacZ reporter gene system to detect intrachromosomal crossing-over. The lacZ reporter gene (thick gray dotted boxes) is interrupted by an intron with splice donor (SD) and splice acceptor (SA) sites and contains two homologous sequences (black boxes). Between the homologous sequences, an additional splice acceptor site (SA 2 ) followed by a transcription termination sequence (not shown) are placed to prevent productive expression of the lacZ gene. Crossing-over between the homologous sequences (hatched X) leads to appropriate splicing and lacZ expression. (b) Transgene used to detect intrachromosomal recombination in the murine germline. The prm1 promoter drives expression of the transgene in post-meiotic spermatids. The homologous sequences are identical 1.7 kb fragments from the human glycophorin B gene (black boxes). The transcription termination signal is from a mouse globin gene (white box).
splice donor and acceptor sites into the lacZ gene to allow greater flexibility in the design of recombination substrates. A repeat of the recombination test sequence was then placed within the intron (Fig. 1a) . In order to disrupt lacZ gene expression, a second splice acceptor site and a transcription termination signal were placed between the repeated sequences. Thus, expression of an intact lacZ mRNA is dependent upon crossing-over within the test sequences, as either an intrachromatid cross-over (Fig. 1a) or as a sister chromatid exchange (not shown).
The test sequences that we are currently examining are derived from a region of the human GPB gene in which a number of recombination events have been mapped (Fig. 1b) . The sequence is 1.7 kb in length and contains the 3′ end of intron 2, pseudoexon 3 and the 5′ region of intron 3. [A notable difference between GPA and GPB is the loss of exon 3 in GPB due to mutation of the splice donor site (35) .] The two glycophorin segments are separated by a mouse globin gene termination signal, as well as an additional splice acceptor site.
Transcription of the recombination substrate is driven by the mouse protamine 1 (prm1) promoter. The mouse prm1 gene encodes a small nuclear protein that is specifically involved in nuclear condensation during mouse spermatogenesis. The promoter is active post-meiotically in early spermatids (37) and expression of a lacZ transgene from the prm1 promoter results in Figure 2 . Quantitative determination of β-galactosidase activity following transient transfection of COS1 cells with modified lacZ genes. Crude cell extracts were prepared from transfected cells and assayed for β-galactosidase activity using the spectrophotometric ONPG assay. For the negative control (mock transfected cells) and the pHD transfection, 400 µg of total cell protein was used in the assay. For the other transfections, 4 µg of cell protein was used to keep the assays in the linear range.
β-galactosidase positive sperm, as detected by flow cytometry and histochemical staining (38) .
Construction of the recombination substrate
The SV40 promoter was cloned upstream of the lacZ gene to monitor β-galactosidase activity in tissue culture cells during sequential modification of the gene (A2, Fig. 2 ). In addition, the coding region of this lacZ gene and all of the modified genes described below have an SV40 nuclear localization signal, as we have found efficient retention of this modified form of β-galactosidase in mature sperm.
The first step in the construction of the recombination substrate was placement of an intron in the lacZ coding region. We chose a well characterized 234 bp sequence from the first intron of the tripartite leader segment of the adenovirus (Ad1) major late transcription unit (39) . The intron was placed within the lacZ coding region so as to conserve the splice donor and acceptor sites, yet lead to an intact coding region upon splicing (pA4Adl, Fig. 2 ). Within the intron are two unique restriction sites to allow for easy insertion of test sequences (see below).
Crude protein extracts were made from COS1 cells either mock transfected or transfected with the A2 or A4Adl constructs. Assays were performed with the substrate ONPG to quantitate β-galactosidase activity spectrophotometrically. A high level of activity is obtained from both transfections, with the Adl intron-containing gene yielding a sixfold higher level of activity than the gene without the Adl intron (Fig. 2) . Our spliced lacZ variant has also been shown to function well in transgenic mice (40) .
The intron in the A4Adl gene was expanded to include the 1.7 kb segment of the human GPB gene (pH, Fig. 2 ). As this segment is derived from an intron, it was not expected to interfere with expression of the lacZ gene. Assays for β-galactosidase activity from extracts of COS1 cells transfected with this construct demonstrate that insertion of glycophorin sequences within the intron do not interfere with expression. In fact, expansion of the intron with the glycophorin sequence may increase gene expression a few fold (Fig. 2) .
The pH construct corresponds to the recombinant product that is diagrammed in Figure 1a . Placement of a second copy of the glycophorin segment within the intron would not be expected to interfere with lacZ expression. Thus, to make expression of β-galactosidase dependent upon recombination between two homology units, the units were separated by a second splice acceptor site and a transcription termination signal (Fig. 1b) . The splice acceptor site is from the adenovirus E1A gene. The transcription termination signal is a 3′ fragment of the mouse β maj -globin gene termed globin DEF (41) . This sequence has previously been shown to stop RNA synthesis by containing functional polyadenylation signals and an appropriately spaced termination sequence (42) .
To test the effectiveness of these signals in the absence of recombination, the splice acceptor and transcription termination signal were placed downstream of a single copy of the glycophorin repeat (pHD, Fig. 2 ). The pHD construct was transfected into COS1 cells and compared to pH and mock transfected cells for ONPG activity. β-galactosidase activity was reduced almost a thousand-fold relative to the pH construct, to a level just above the mock-transfected cells. Thus, lacZ expression is severely disrupted by the presence of these signals.
In addition to enzymatic assays for β-galactosidase activity, X-gal staining of transfected COS1 cells was used to monitor lacZ activity. We found that transfection with A2, A4Adl and pH gave rise to intense blue nuclear staining. By contrast, none of the pHD or mock-transfected cells were stained bright blue and any weak blue staining observed was not localized to the nucleus (data not shown). 
Construction of transgenic mice containing the recombination substrate
Transgenic mice containing the recombination substrate were constructed by injecting the pHDH transgene (Fig. 1b) into fertilized mouse eggs as a 10.5 kb Sphl-Kpnl fragment. Six founder animals were obtained from 34 G 0 offspring as determined by Southern blot analysis of tail tip DNA. Restriction digestion with BamHl and hybridization to a 32 P-labeled lacZ probe revealed two common patterns of transgene insertion into the genome, an 8.4 kb band and a 5.0 kb band (Fig. 3) . The 8.4 kb BamHl fragment was indicative of an unrecombined transgene integration, whereas the 5.0 kb BamHl fragment was indicative of transgene recombination at the glycophorin repeats prior to integration. Although unrecombined transgenes predominate, recombined transgenes are a significant portion of the total. Linear DNA transfected into tissue culture cells by a variety of methods is known to be highly recombinogenic (11) . Our data show that DNA injected into fertilized eggs is also recombinogenic. The recombinogenicity may result in the formation of large tandem arrays that are typically found at integration sites (43) .
From the six founders, four (mice 10, 16, 102 and 103) and progeny derived from them have the fragments expected from both recombined and unrecombined transgenes (Fig. 3b) . Female founder 12 also contains both recombined and unrecombined transgenes (Fig. 3c) . However, there are two transgene integration sites in this founder as determined by breeding analysis. Two sublines, 12U and 12R, were generated from her progeny. Subline 12R contained the bulk of the transgene copies, some of which were recombined and some of which were unrecombined. We have used the lines with recombined transgenes as controls in subsequent experiments to monitor lacZ expression. Subline 12U contained only unrecombined transgenes, with a copy number of approximately four to six.
Line 18, in addition to subline 12U, was generated with unrecombined transgenes. In addition to the 8.4 kb unrecombined transgene fragment, there is a second larger band (Fig. 3d) . Founder mouse 18 is mosaic for the transgene integration, as it transmitted the transgene to fewer than 50% of its progeny, and tail tip DNA from the progeny show a stronger hybridization signal than DNA from mouse 18 itself. It is estimated that the unrecombined transgenes are present in two or three copies in the progeny from 18.
Mice from lines 12U and 18 are appropriate for studies of germline recombination events, as they have transgenes that have not recombined at the glycophorin sequences. During breeding, no transgene effect on fertility was noted. A total of 68 transgenic progeny were obtained from breeders in line 12U and 89 progeny from line 18 and none of these mice were found to have a recombined transgene. (A sample of the breeding analysis is shown in Fig. 3d .) Thus, recombination in the germline between the 1.7 kb glycophorin repeats is less than 10 -2 .
Northern analysis of transgenic mice
In order to verify that the lacZ reporter gene was appropriately expressed, northern blot analysis was performed on RNA from testes of transgenic mice (Fig. 4) . Transgenic mice from the previously described mouse line 5 (38) , which contains an uninterrupted prm1IlacZ transgene, were used as a control. A 3.1 kb lacZ transcript is seen from testes of transgenic mice from this line using either a 5′ lacZ probe (Fig. 4) or a 3′ lacZ probe (data not shown).
Mice from lines 12U and 18 containing only unrecombined transgenes do not show the full length transcript by northern analysis. Instead, they have a much smaller transcript that is detected with the 5′ lacZ probe (Fig. 4) . The transcript does not hybridize to the 3′ lacZ probe (data not shown). These results are consistent with initiation of expression at the prm1 promoter, followed by premature transcription termination at the globin termination signal. Thus, the locus is actively transcribing in both of these lines and is being efficiently terminated.
Mice from lines 12R and 10, containing both recombined and unrecombined transgenes, have both the full length lacZ transcript and the prematurely terminated one, consistent with expression from the recombined and unrecombined transgenes, respectively (Fig. 4) . The full length transcript expressed from the recombined transgene is the same size as that from line 5, demonstrating appropriate splicing of the single glycophorin repeat at the Ad1 splice sites.
Flow cytometry to detect β-galactosidase positive sperm
We have previously utilized flow cytometry of transgenic mouse sperm to detect β-galactosidase expression in the mouse germline (38) . Although sperm are not transcriptionally active, enough β-galactosidase is retained from expression during the previous haploid spermatid stage to detect protein activity. A number of fluorogenic substrates for β-galactosidase are available that produce cellular fluorescence. Although we had previously used C 12 FDG (5-dodecanoyl-aminofluorescein di-β-D-galactopyranoside), we found that C 8 FDG (5-octanoyl-aminofluorescein di-β-D-galactopyranoside) staining with a chloroquine pre-incubation gives a higher level of cellular fluorescence for positive sperm and lower background staining of negative sperm.
Sperm were collected from the caudal epididymus of 2-4 month old adult males that were hemizygous for the transgene. They were stained with C 8 FDG and analyzed by flow cytometry. Sperm from nontransgenic mice showed little background fluorescence, whereas sperm from males of lines 12R and 10, both of which contain recombined transgenes, stained positive for β-galactosidase activity ( Fig. 5 ; data not shown). We have also shown that the other mouse lines containing recombined transgenes have β-galactosidase activity in sperm (data not shown).
Testicular and epididymal β-galactosidase activity has been verified for most of these lines by ONPG assays of tissue extracts (data not shown). These analyses demonstrate that the glycophorin segment embedded within the Adl intron does not interfere with β-galactosidase expression. In general, mice containing the recombined transgenes were found to express β-galactosidase less well than our previously reported prm1/lacZ transgene (38) . The lower level of activity is likely due to the presence of SV40 sequences, rather than prm1 sequences, 3′ to the lacZ gene, as intronless lacZ transgenes containing SV40 3′ sequences also express less well than the previously reported prm1/lacZ transgene (data not shown). The 3′ prm1 sequences have been identified to play a part in posttranscriptional expression (37) .
To examine recombination events occurring within the male germline, sperm from transgenic mouse lines which contain unrecombined transgenes were analyzed for β-galactosidase activity. Overall, sperm from lines 18 and 12U gave a profile very similar to that of nontransgenic mice, such that the mean fluorescence intensity of the population is almost identical ( Fig.  5 ; Table 1 ). This concurs with the lack of observed recombinants during breeding.
To view a small number of sperm with increased fluorescence better, the y-axis sperm counts were maximally set to 26 (Fig. 5) . A small percentage of sperm from lines 18 and 12U show greater fluorescence over the bulk sperm population. Only 0.02-0.03% of sperm from control nontransgenic mice have this level of fluorescence. By contrast, between 0.07 and 0.11% positive sperm for mice from lines 18 and 12U are observed (Table 1) . For an analysis of approximately 40 000 sperm, this corresponds to about 30-40 sperm from lines 18 and 12U versus 10 sperm from the nontransgenic mice. No significant difference in cross-over frequency was detected between line 18, which has two to three transgene copies, and line 12U, which has four to six copies. Simplistically, a one to one concordance between β-galactosidase positive sperm and recombination would mean that 0.04-0.09% of sperm had a recombined transgene. Our analysis of the two mouse lines have consistently given similar results. Table 1 ).
Histochemical analysis to detect β-galactosidase positive spermatids
The flow cytometric detection of β-galactosidase positive sperm implies that β-galactosidase positive spermatids should be found in the testes. In order to confirm this, X-gal staining of testicular cells was performed on testes sections and testicular cell preparations. X-gal staining of testes sections from lines 12U and 18 revealed occasional individual blue cells and small clusters of blue cells near the seminiferous tubule lumen, consistent with the staining of haploid spermatids (Fig. 6a-e) . Nontransgenic testes did not exhibit any such staining (data not shown). As expected, control animals containing recombined lacZ transgenes revealed testes with most of the tubules containing blue cells ringed around the seminiferous tubule lumen (Fig. 6f) . As compared with control prm1/lacZ lines (38), the intensity of staining was diminished in line 10, consistent with the lower level of RNA produced (Fig. 4) .
To quantitate the testicular staining, enriched spermatid cell populations were prepared (44) from testes of line 18 mice and stained with X-gal. Blue cells were counted using microscopy. Spermatids were identified by morphology and made up the majority of cells in the preparation. In one experiment, 0.035% of the cells were deep blue (38 blue spermatids/107 520 total), whereas no blue spermatids were found in 167 040 cells from a nontransgenic mouse. By contrast, testes from a 12R mouse containing a recombined transgene gave 56.75% blue cells. A similar result was obtained in a second experiment. These results are similar to those obtained by flow cytometry of sperm.
RT-PCR of testes mRNA
Fluorescent staining of sperm and X-gal staining of spermatids have demonstrated that β-galactosidase is present in a small percentage of cells in transgenic mice containing the unrecombined transgene. The presence of β-galactosidase activity predicts that properly spliced lacZ mRNA is being produced in a small proportion of the cells after recombination. To test this, PCR analysis was performed on reverse transcribed RNA isolated from testes (Fig. 7a) . A PCR product of the correct size was obtained from RNA from line 12U (Fig. 7b) . As expected, there was less product from line 12U than from lines 16 and 10 which contain already recombined transgenes. With fewer amplification cycles and Southern blotting to detect the product, this differential appears even greater (data not shown). The insertion of the intron into the lacZ gene was at a unique Bsu36I restriction site. Proper splicing of the primary transcript and reverse transcription of mRNA should maintain the site. The RT-PCR products were digested with Bsu36I to verify that they were derived from correctly spliced mRNAs. In all cases, the RT-PCR product was digested with Bsu36I to the predicted sizes of 123 and 385 bp. A small amount of the product was undigested, either due to incomplete Bsu36I digestion or improper splicing of a small portion of the mRNA. Intact message could possibly be produced by inadequate transcription termination, although this is unlikely given the absence of blue cells in tissue culture histochemistry when the pHD reporter gene was driven by the SV40 promoter.
PCR analysis of sorted sperm
Because of the large number of sperm available from one transgenic animal, it is possible to detect rare events and pursue molecular analysis of them following FACS sorting. To confirm the recombination event predicted by flow cytometry analysis of sperm, DNA analysis was performed on enriched populations of β-galactosidase positive sperm. PCR has previously been used to confirm certain recombination events in single sperm (23) . However, we expected that single sperm analysis with repeated sequences would lead to PCR artifacts, as amplified intermediates from an unrecombined glycophorin repeat have the potential to form 'recombinants' containing a single glycophorin segment during reannealing steps in vitro. Thus, we sought to enrich for populations of β-galactosidase positive sperm and then size-select the sperm DNA to identify the recombination product.
After staining with the fluorogenic C 8 FDG substrate, FACS sorting was performed in separate experiments on sperm from a line 12U mouse and a line 18 mouse. Sperm falling in the upper 0.6-0.9% of the fluorescence range were sorted, a calculated enrichment of 110-170-fold. Of 1.4 × 10 7 sperm, 1.2 × 10 5 sperm were collected from a size-gated cell population (+ sort; Fig. 8 ). Sperm were also collected from the bulk unstained population for use as a negative control (-sort; Fig. 8 ). Given the additional steps involved in sperm DNA isolation, a purified population was not attempted.
DNA was extracted from the sorted sperm, as well as from sperm from mice containing a recombined transgene. The sperm DNA was digested with BamHl and size-selected on a preparative agarose gel. Separate gels were run for sorted sperm and the positive controls. The region of the gel at approximately 5.0 kb which would be expected to contain the recombined fragment (Fig. 3 ) was excised and used for PCR analysis with primers from the lacZ and glycophorin gene. The amplified lacZ products were subjected to Southern blot analysis (Fig. 8a) . Whereas the unstained sorted sperm give no significant hybridization signal, the fluorescent sperm give the correct sized PCR product. As expected, the intensity of the product was not as great as that from sperm from mice containing already recombined transgenes. A similar result was obtained using PCR of glycophorin sequences (Fig. 8b) . These results, although not highly quantitative, show that the mice are undergoing recombination within the glycophorin repeat and that flow cytometry is able to enrich for sperm containing the recombined product.
DISCUSSION
We have developed a lacZ system for the testing of recombinogenic sequences in the germline of male mice. In this model system, a direct repeat of the recombination test sequences, separated by a transcription terminator, disrupts expression of the lacZ reporter gene. Recombination within the repeat restores lacZ expression, resulting in β-galactosidase positive sperm. Positive which the appropriately spliced RNA is detected by RT-PCR, and from PCR analysis of sorted sperm populations. Absolute quantitation may require further molecular studies, considering that cytoplasmic sharing of β-galactosidase can occur between adjacent spermatids.
We chose the human GPB gene sequences as the first test of this model system because it contains a number of recombination breakpoints (29) . The previously mapped recombinants are derived from both gene conversion and unequal crossing-over between the GPB and GPA genes. Recombinants of both types are detected because they give rise to variant cell surface glycophorin proteins on erythrocytes which are readily identified in studies of human populations by serologic testing (45) . We used an identical repeat of the GPB breakpoint cluster region, despite 97% regional homology to GPA, because it has been reported that small heterologies can decrease the frequency of recombination in mammalian tissue culture experiments (46) (47) (48) . Therefore, in this original study we felt that the use of identical repeats would optimize conditions for crossing-over.
Comparison of the recombination frequencies within the GPB repeat obtained in this study and other available data is imperfect. Human studies reveal that glycophorin variants are rarely detected in Western countries. However, in non-Western countries, particular variants are found in a relatively high proportion of the population. For example, the St a variant, which is derived from a crossover in intron 3, has an incidence of 6.5% in Japan. Similarly, the MiIII variant, which is derived from a gene conversion with breakpoints in pseudoexon 3 and intron 3, has an incidence of 10% in Thailand (29) . In mouse studies, the interchromosomal recombination frequency at the 2 kb Eβ hotspot is 0.1%, whereas non-hotspot sequences recombine at 0.02% over several hundred kilobases (33) . This suggests that a measure of 0.04-0.09% recombinants may reflect enhanced recombination in the GPB sequence, although the relationship of intrachromosomal recombination to interchromosomal events is not clearly established.
Within the glycophorin breakpoint cluster region are a number of sequence elements speculated to affect recombination in this and other systems. These include six nearby repeats of sequences related to the phage lambda chi site, short inverted repeats, polypurine tracts and regions of high AT content (32) . The 1.7 kb GPB homology unit can be modified to test the role of these elements in recombination. Replacement of the sequences from the breakpoint cluster region with neutral sequences (e.g. from a non-recombinogenic intron) will address this question. The exact role of hotspot sequences in recombination has not been formally elucidated. It remains to be determined whether these sequences enhance the frequency of recombination in an interval or rather direct the resolution of recombination intermediates to the interval.
Our experimental design is the second instance in which a lacZ-based assay has been used to monitor germline recombination events in the mouse. Previously, lacZ gene conversion substrates were introduced into transgenics and recombination was quantitated by X-gal staining of spermatids (13) . In this case, recombination was estimated to be at least 10-fold higher, possibly due to the type of recombination, gene conversion rather than crossing-over, being measured. The different assay system, flow cytometry of sperm versus X-gal staining of spermatids, is not expected to account for the difference, as we have confirmed our flow cytometric results with X-gal staining of spermatids. We have noted a difference, however, in the X-gal staining pattern of spermatids in testes sections. Others have reported blue cells in large clusters near the seminiferous tubule lumen (13) and we have also observed such a staining pattern in mice containing a gene conversion substrate (E. Akgün and M. Jasin, in preparation). Large clusters of positive cells strongly suggest the occurrence of mitotic events early in germ cell development. By contrast, the small clusters of blue cells and the individual blue cells obtained with our crossover substrate suggest that recombination occurred later in germ cell development, perhaps during meiosis. From these initial reports, it is difficult to conclude that the altered staining pattern is due to a different timing of gene conversion and unequal crossing-over or to other factors.
Detection of recombinants by flow cytometry of fluorescent sperm has advantages over X-gal staining of spermatids. Using flow cytometry, recombinants can be measured easily from an individual mouse epididymus from which a pure sperm population can be obtained. As many as 10 5 sperm can be analyzed within a few minutes by flow cytometry and 10 7 sperm can be sorted in a few hours, whereas counting blue spermatids requires lengthy microscopic examination. In the future, flow cytometric sorting of sperm, followed by in vitro fertilization, may make it possible to create progeny with defined genotypes. Such an approach would assist recombination analysis and may have applications to other studies requiring genome manipulations.
We expect that our intron-interrupted recombination substrate has general utility to measure recombination within other non-lacZ sequences. In addition to the GPB sequence, we have cloned a recombination hotspot defined in the intergenic region of the Aβ 3 -Aβ 2 histocompatibility genes (34) into the lacZ intron and have found that the construct expresses high levels of β-galactosidase in cultured cells (P. Rouet and M. Jasin, unpublished results). Other known recombination hotspots or specific sequences implicated in recombinogenic regions could also be tested. Refinements of our system include a gene targeting approach to compare chromosomal location effects and to detect interchromosomal cross-overs, which are expected to be at their highest level during meiosis. Once mice defective for genes involved in meiotic recombination have been derived, the lacZ recombination substrates can be examined in these genetic backgrounds.
MATERIALS AND METHODS
Plasmid construction
Plasmid a-2 was previously described (38) . It consists of a 3.1 kb fragment of the E.coli lacZ gene containing a simian virus 40 (SV40) nuclear localization signal inserted into the mouse protamine 1 gene (prm1). Upstream of lacZ there are 1.7 kb of prm1 promoter sequences and 0.1 kb of prm1 5′ untranslated sequences. Downstream of lacZ is the remainder of the prm1 gene, including the intron and 3′ untranslated sequences. To test for lacZ expression in tissue culture cells, the StuI-SpeI fragment of the prm1 promoter (49) was replaced with the 401 bp NaeI-AvrII promoter/enhancer fragment of SV40, creating plasmid A2. All other constructs were similarly modified to test for lacZ expression in tissue culture.
The prm1 intron, 3′ untranslated region, and polyadenylation signal from plasmid A2 was replaced with an SV40 polyadenylation signal to create plasmid A4. The SV40 poly(A) site was contained on a 134 bp HpaI-KpnI fragment derived from the plasmid Tag, which has the SV40 early region cloned into pUC. This fragment was cloned into the NaeI-KpnI sites of plasmid a-2. The HindIII site from this plasmid was destroyed by Klenow polymerase treatment. To place the intron within the lacZ gene, a 234 bp sequence from the first intron of the tripartite leader segment of the adenovirus (Ad1) major late transcription unit (39) was inserted into a unique Bsu36I site in the lacZ gene, creating plasmid A4Ad1. The intron sequence was PCR amplified from pBSAd1 (gift from M. Konarska, Rockefeller University) with primers 5′GGCCTCAGGAAAAAAAAGGGACAGG and 5′CT CCCTGAGGTGAGTACTCCCTCTCA which contain Bsu36I restriction sites. The cloning step conserved the splice donor and acceptor sites. The glycophorin homology unit was PCR amplified from intron 2 to intron 3 of the human glycophorin B (GPB) gene and was generously supplied by O. Blumenfeld and C-H. Huang (Albert Einstein College of Medicine) (36) . It was amplified on two fragments, a 5′ HindIII-XbaI fragment using primers GPB-P 1 5′ (5′CTCAAGCTTGGCTCCGAAA-GATTTTTGTG) and G -P 2 5′ (5′CTAACCTTCCCTCTCAGT-CCA) and a 3′ XbaI-HindIII fragment using primers GPB-P 1 3′ (5′CTCAAGCTTCCAAATAAGAAAGACATGTGC) and GP-P 2 3′ (5′CCAAAG CCCA TATAG-CACC). The amplified fragments were subcloned into pUC18 at HindIII-XbaI sites, creating pGPB5′ and pGPB3′. The HindIII-XbaI fragments from pGPB5′ and pGPB3′ were inserted into the unique HindIII site in the Ad1 intron of plasmid A4AdI, creating plasmid pH, which contained one 1.7 kb homology unit. The splice acceptor site from the adenovirus E1A gene and the mouse β maj -globin gene transcription termination sequence (41) were PCR amplified from plasmid DEF (gift from E. Falck-Pedersen, Cornell Medical School) with primers 5′GCTCTAGAGCGGCCGCAGA-GTGGTGGT TTGGTG and 5′GGAGGTGTGTTAGAAG-CACCGG. The 1.8 kb amplified fragment was subcloned as a NotI-BglII fragment into the NotI-BamHI sites of pBS (Stratagene) yielding plasmid pBSDEF. The 1.7 kb GPB homology sequence was subcloned 5′ to the DEF unit of pBSDEF, creating pBSHD. For this, the GPB segment was cleaved from pH with HindIII and the pBSDEF was cleaved with NotI and both were treated with Klenow polymerase to blunt the DNA ends. To create plasmid pHD, the 3.4 kb SacII-HindIII fragment containing GPB-DEF from pBSHD replaced a 30 bp SacII-HindIII fragment of the Ad1 intron in plasmid pA4Ad1. A second 1.7 kb homology unit from pH was cloned 3′ to the transcription termination signal at a HindIII site in plasmid pHD finalizing the intrachromosomal recombination construct pHDH.
Cell culture, transfections and β-galactosidase assays COS1 cells were grown and maintained in DME-high glucose medium supplemented with 10% fetal calf serum and grown at 37_C. Cells were transfected with 20 mg plasmid DNA by calcium phosphate coprecipitation, followed by a glycerol shock 24 h posttransfection. Forty-eight hours posttransfection, cells were washed with phosphate-buffered saline (PBS, pH 7.3), fixed with 2% formaldehyde for 5 min at room temperature, and washed twice with PBS. Staining for lacZ expression was with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) as previously reported (38) . Cell extracts were prepared by multiple freeze-thaw cycles as described (50) . Protein concentration was determined by Bio-Rad assay as per manufacturer's recommendations. Enzymatic activity was quantitatively determined by o-nitrophenyl-β-D-galactopyranoside (ONPG) activity, as described (50) .
Transgenic mice and nucleic acid analysis
The SphI-KpnI fragment from pHDH was injected into the pronuclei of fertilized (C57BL/6×CBA/Ca) F 2 mouse eggs as previously described (51) . Mouse lines were maintained by breeding with F 1 mice. Mice containing the transgene were identified by extraction of genomic tail tip DNA, restriction enzyme digestions and Southern blot analysis by standard methods (50) . Total mRNA was prepared by tissue homogenization in liquid N2, shearing through a 23 gauge needle in guanidine isothiocyanate buffer, and cesium chloride centrifugation. Northern analysis was by standard techniques (50) .
Testicular β-galactosidase staining
Tissue from transgenic animals was embedded in OCT (optimalcutting-temperature compound, Miles) and frozen at -70_C. Cryostat sections were 7 µm thick. Testicular cell preparations were in EKRB (Krebs-Ringer bicarbonate buffer) as described (44) . Sections and cells were fixed and stained as described (38) .
Flow cytometry of sperm and sperm DNA analysis
For FACS analysis and sorting, sperm were obtained from the caudal epididymis of adult male mice and stained as described (38) using 33 µM 5-octanoylaminofluorescein di-β-D-galactopyranoside (C8FDG, Molecular Probes) with 10 mM chloroquine. Incubations were for 30 min at 37_C. Prior to FACS analysis, 400 ml of PBS was added. Samples for FACS analysis were run on a Becton-Dickinson FACScan and analyzed using Lysis II software. The samples for FACS sorting were run on a Becton-Dickinson FACStar Plus.
Extraction of sperm DNA required the addition of 50 mM DTT to the lysis buffer. Samples were digested with BamHI and run on a 1% low-melting temperature agarose gel. The gel area containing the 5.0 kb fragments, as measured by HindIII-digested lamda DNA, was excised. Gel slices were melted at 65_C for 15 min and 10-20 ml of melted agarose/DNA was used for PCR analysis. The lacZ primers were 5′TCGCTACCTGGAGA-GACGCG and 5′ACTGCTGCCAGGCGCTGATG which amplified a 550 bp fragment from the 3′ end of the gene. PCR products were analyzed by Southern blot analysis using a 3′ lacZ gene probe. The glycophorin primers were GP 2 -5′ and GP 2 -3′ which amplified a 260 bp fragment. PCR products were run on a 1.5% agarose gel and stained with ethidium bromide.
RT-PCR of testes mRNA
Total testes RNA (4 µg) was treated with DNase I and reverse transcribed with random primers and Superscript II (H-) according to manufacturer's protocol (Clontech). RT-PCR was performed with primers RT-P 1 (5′AGCGAAGAGGCCCGCACCGATCG) and RT-P 2 (5′ATGCCGCTCATCCGCCACATATC) which span the lacZ intron insertion site.
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